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Executive  Summary 

A  series  of  B/epoxy-Al  double  lap  shear  speeimens  were  prepared  and  exposed  to  high  humidity 
and  temperature.  Half  of  these  were  prepared  using  the  commercial  DynCorp  process  used  for 
bonded  repair  of  aircraft.  The  other  half  was  prepared  using  a  modified  process  to  reduce  dura¬ 
bility.  Electrochemical  impedance  spectroscopy  (EIS)  measurements  were  taken  on  these 
specimens  using  a  patented  DACCO  SCI  sensor.  A  set  of  these  specimens  was  mechanically 
tested  each  month  to  determine  pull  strength.  The  EIS  impedance  spectra  were  analyzed  using 
equivalent  circuit  analysis.  Several  circuit  parameters  exhibited  changes  upon  exposure  to  mois¬ 
ture.  Changes  in  the  capacitance  allowed  moisture  uptake  to  be  calculated.  By  placing  the  sen¬ 
sor  electrodes  in  different  locations,  variations  in  moisture  concentration  in  the  bonded  system 
can  be  determined.  This  approach  provides  advance  warning  before  any  significant  reduction  of 
bond  strength.  Thus,  it  has  the  potential  to  monitor  adhesively  bonded  repair  patches  and  allow 
preventative  maintenance  prior  to  any  degradation  of  bond  performance. 
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Introduction 

Adhesively  Bonded  Repair  Patches 

Aircraft  structures  are  susceptible  to  corrosion  caused  by  moisture  augmented  by  runway  or  ma¬ 
rine  salt,  exhaust  fumes  and  other  atmospheric  pollutants,  oil/gasoline/diesel  fuel  spills,  and 
cleaning  solvents.  It  is  estimated  that  corrosion  costs  $4  billion  annually  for  military  aircraft  sys¬ 
tems  and  $9  billion  for  commercial  and  private  aircraft. 

The  useable  life  of  existing  and  fixture  aircraft  is  constantly  increasing  as  projected  procurement 
of  replacement  aircraft  is  delayed.  The  age  of  the  mihtary  fleet  is  dramatically  increasing;  over 
50%  of  the  Air  Foree  fleet  is  over  20  years  old.  New  procurement  of  aireraft  is  being  reduced  or 
stretched  out  and  these  new  aircraft  will  be  expected  to  remain  operational  for  longer  times. 

Increased  maintenance  and  repair  is  required  as  the  aircraft  ages.  Most  aircraft  have  required 
struetural  repairs  because  of  corrosion,  stress  corrosion  cracking  (SCC),  low-cycle  widespread 
fatigue  damage  (WFD),  high-cycle  fatigue,  or  discrete  source  damage  (foreign  body  impact, 
handling  damage,  or  lightning).  More  of  these  repairs  will  inevitably  be  needed  over  their  re¬ 
maining  lifetimes.  Predictive  assessment  of  the  structural  integrity  of  the  repaired  structure  is 
needed  to  increase  confidence  of  the  repair  proeess  and  reliability  of  the  air  fleet. 

Traditionally,  bolted  or  riveted  repairs  have  been  used  because  they  are  relatively  simple  to  apply 
and  minimize  the  time  the  aircraft  is  out  of  service  (for  simple  repairs).  However,  bonded  repairs 
for  aircraft  structures,  such  as  those  performed  by  the  su^ontractor,  DynCorp,  offer  many  ad¬ 
vantages  over  traditionally  fastened  repairs  and  significant  cost  reduction  compared  to  part  re¬ 
placement.  The  patches  can  be  applied  in  a  reactive  marmer  to  repair  cracks  or  corroded  areas. 
They  can  also  be  used  proaetively  in  critical  areas  to  reduce  stress  and  inerease  time  to  feUure. 

Ample  historical  experience  demonstrates  that,  when  properly  designed  and  applied,  bonded  re¬ 
pairs  are  as  durable  as  conventionally  festened  approaches  -  sometimes  more  so.  The  best- 
known  applications  are  probably  those  implemented  in  Australia  by  AMRL  (Aeronautical  and 
Maritime  Research  Laboratory)  in  conjunction  with  the  RAAF  (Royal  Australian  Air  Force). 
Airplanes  with  these  repairs  have  been  flying  with  no  crack  growth  or  patch  feilures  for  twenty 
years.  More  recently,  the  USAF  has  extended  this  technology  and  optimized  a  grit  blast/silane 
surface  treatment  for  patching  C-5  and  C-141  aircraft,  among  others. 

Bonded  patches  can  be  very  cost  effective.  Often  bonded  repairs  can  be  performed  in  less  time 
than  conventional  repairs  and  allow  the  aireraft  to  be  returned  to  service  more  quickly.  In  most 
cases,  there  is  no  need  for  aircraft  disassembly. 

With  aU  these  advantages  and  experienee,  some  aircraft  maintainers  are  still  reluctant  to  consider 
bonded  doublers  as  permanent  structural  repairs,  especially  on  critical  hardware.  One  reason  is 
the  lack  of  direct,  quantifiable  verifieation  of  bondline  quality  under  the  doubler.  Because  of 
these  limitations,  the  USAF’s  engineering  authority  requires  a  fail-save  approach  for  bonded  re¬ 
pair  in  whieh  fatigue  cracks  must  be  nondestructively  inspeeted  at  the  interval  required  for  an 
unrepaired  defect.  Because  this  approach  calls  for  expensive  and  time-consuming  inspections  to 
be  performed  at  half  the  time  for  the  unrepaired  crack  to  grow  to  critical  length,  bonded  repair  is 
not  economically  viable  for  cracks  approaching  critical  length  and  would  not  even  be  considered 
for  cracks  at  or  beyond  the  critical  length.  Reliable  predietive  assessment  of  the  structural  integ- 
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rity  of  a  bonded  patch  would  aDow  this  requirement  to  be  relaxed  and  permit  increased  use  of 
repaired  components  while  current  practice  would  require  replacement. 

Electrochemical  Sensor 

DACCO  SCI,  INC.,  has  developed  an  in-situ  corrosion  sensor  that  can  detect  the  early  stages  of 
coating  degradation  and  substrate  corrosion  of  painted  structures.  Laboratory  ejqperiments  indi¬ 
cate  that  it  is  also  capable  of  detecting  moisture  ingress  into  a  composite  and  an  adhesive  joint 
and  bonded  area.  The  sensor,  when  coupled  with  a  portable  potentiostat,  is  suitable  for  both 
laboratory  and  field  inspection. 

These  previous  results  suggested  that  it  would  be  applicable  to  monitoring  the  health  of  a  repair 
patch.  By  placing  a  sensor  directly  on  a  patch  and  making  contact  directly  to  the  original  struc¬ 
ture,  the  presence  of  moisture  in  the  patch  and  in  the  adhesive  between  the  patch  and  structure 
can  be  detected.  The  lack  of  moisture  would  assure  no  bond  degradation  from  environmental 
attack.  The  presence  of  moisture  would  indicate  the  potential  for  environmental  attack.  Several 
effects  of  moisture  are  anticipated;  their  relative  si^iificance  will  depend  on  the  materials  in¬ 
volved.  The  first  is  a  gradual  weakening  of  the  composite  resin  and  adhesive.  In  most  cases,  this 
weakening  will  be  well  within  the  margin  of  safety  of  the  patch  design.  The  second  effect  is  a 
disruption  of  dispersive  forces  across  the  bondline  (composite-adhesive  or  metal-adhesive).  This 
can  lead  to  bond  feilure  if  improper  surface  treatments  have  been  used.  The  third  effect  is  hydra¬ 
tion  of  the  aluminum  oxide  surfece  at  the  interface.  The  change  in  morphology  and  volume  of 
the  oxide  upon  hydration  promotes  interfacial  bond  failure. 

Delaminations  can  additionally  be  detected  by  comparing  sensor  signals  over  time.  Thus,  the 
early  detection  before  degradation  occurs  and  threatens  bond  integrity  allows  continued  monitor¬ 
ing  of  the  patch  and  an  engineering  decision  to  be  made  concerning  the  health  of  the  existing  re¬ 
pair  and  the  necessity  to  correct  any  damage.  Detection  of  delamination  provides  a  complemen¬ 
tary  inspection  of  more  severe  damage  from  any  cause. 

Possible  actions  to  prevent  loss  of  structural  integrity  include; 

•  Driving  off  the  moisture  by  localized,  gentle  heating 

•  Resealing  the  bondline  edges 

•  Repairing/replacing  the  patch. 

Depending  on  the  location  of  the  patch  and  other  factors,  a  permanent  sensor  could  be  attached 
to  the  patch.  This  would  be  especially  beneficial  for  inaccessible  locations.  Wires  could  then  be 
run  to  a  convenient  point  for  connection  to  the  portable  computer/potentiostat.  In  other  cases,  a 
hand-held  sensor  could  be  used  whenever  needed.  This  arrangement  would  be  important  when 
appearance  or  aerodynamic  considerations  would  prohibit  attachment  of  a  permanent  sensor. 

Current  NDE  methods  measure  the  quality  of  the  bondline  by  appearance  or  after  local  bond 
failure.  They  include  visual  inspection,  button  puU  tests,  tap  test,  ultrasonics,  and  infrared  ther¬ 
mal  imagery.  The  last  three  of  these  techniques  require  the  bond  to  have  already  failed  and  sepa¬ 
rated.  X-ray  techniques  genera%  require  >10%  loss  of  material  before  degradation  is  detectable. 
None  of  the  present  techniques  is  capable  of  detecting  an  adhesive  bond  in  the  early  stages  of 
deterioration.  Thus,  there  is  a  great  need  for  an  inspection  procedure  that  can  monitor  bondline 
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integrity  and  detect  the  early  stages  of  environmentally  induced  degradation,  invariably  caused 
by  moistme  intrusion  into  the  bondline. 

This  new  electrochemistry-based  sensor  represents  a  new  approach  for  inspection  of  bonded  re¬ 
pair  patches  and  other  bonded  structures.  The  early  detection  or  assessment  provided  by  the  sen¬ 
sor  would  allow  the  degradation  to  be  reversed  or  repaired  prior  to  it  affecting  the  reliability  of 
the  aircraft  and  would  increase  confidence  in  bonded  repair.  This  approach  will  complement  ex¬ 
isting  NDE  procedures  and  offers  several  advantages: 

•  Reduced  repair  costs 

•  Portable,  low-cost  instrumentation 

•  Suitable  for  inaccessible  and  accessible  patches  and  other  bondlmes 

•  Detection  of  moisture  intrusion  well  before  any  serious  environmentally  induced  damage  oc¬ 
curs  within  the  bondline 

•  Engineering  remedies  developed,  planned,  and  scheduled  for  condition-based  maintenance 

•  Increased  reliability  and  use  of  bonded  patches 

•  Increased  air  fleet  readiness  and  safety 

•  Increased  lifetime  of  existing  aircraft. 

In  the  Phase  I  effort,  we  evaluated  the  effectiveness  of  the  sensor  in  detecting  moisture  intrusion 
and  patch  degradation  in  boron-epoxy  patches  bonded  to  aluminum  in  double  lap-shear  configu¬ 
rations.  Correlations  between  sensor  measurements  and  exposure  time  or,  to  a  lesser  extent,  pull 
strengths  were  made.  Approximately  half  the  specimens  were  prepared  according  to  DynCorp’s 
qualified  procedures  for  applying  repair  patches  to  aircraft.  This  involves  the  grit  blast/silane 
(GBS)  approach  mentioned  earlier.  Because  this  process  is  proven  to  be  very  reliable,  minimal 
bondline  degradation  was  expected  or  actually  occiured  in  the  short  Phase  I  period.  Accord¬ 
ingly,  the  other  specimens  were  prepared  without  the  silane  treatment.  These  are  not  as  durable 
and  were  expected  to  exhibit  deterioration  m  the  laboratory  accelerated  testing.  Some  degrada¬ 
tion,  in  fact,  did  occur. 


Results  and  Discussion 

Eighty  double  lap-shear  specimens  were  prepared  by  DynCorp  (Figure  1).  Forty  of  these  re¬ 
ceived  the  standard  processing  for  bonded  repair  of  aircraft.  The  remaining  forty  did  not  have 
the  silane  treatment  and  were  ex¬ 
pected  to  exhibit  poorer  perform¬ 
ance  following  humidity  expo¬ 
sure.  Nine  of  these  (four  for  the 
qualified  process  and  five  for  the 
modified  process)  were  mechani- 
caUy  tested  for  base  line  strength 
measurements.  Five  additional 
sets  of  nine  specimens  were 
placed  in  humidity  (>95%RH, 

50°C)  for  accelerated  testing. 

They  were  removed  monthly  and 
returned  to  DynCorp  for  me- 


Figure  1.  Schematic  diagram  of  double  lap  shear  speci¬ 
mens.  The  red  letters  indicate  sensor  placement. 
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chanical  testing.  The  remaining  specimens  were  reserved  as  spares  in  case  they  are  needed  and 
are  available  for  early  Phase  II  testing.  They  have  been  placed  in  the  humidity  chamber  to  begin 
accelerated  aging  in  preparation  for  a  Phase  II  program. 

Prior  to  humidity  exposure,  EIS  sensor  measurements  were  taken  on  a  selection  of  specimens  to 
establish  reproducibility  of  the  measurements.  Four  sets  of  measurements  were  taken  on  each 
inspected  specimen:  ahiminum-to-aluminum  (A-B),  boron/epoxy-to-aluminum  (A-D  and  B-E), 
and  same-sided  boron/epoxy  (C-D).  (The  letters  correspond  to  locations  in  Figure  1.)  In  each 
case,  a  drop  of  ultrasonic  couplant  was  used  to  improve  the  electrical  contact  between  the  elec¬ 
trode  and  the  surface.  It  was  wiped  off  prior  to  returning  the  specimens  to  the  humidity  chamber. 
Previous  investigations  have  shown  this  approach  to  improve  the  signal-to-noise  of  the  meas¬ 
urement.  The  aluminum-aluminum  and  same-sided  boron/epoxy  measurements  exhibited  the 
greatest  specimen-to-specimen  reproducibility  as  shown  in  Figure  2.  The  occasional  reduction  in 
the  low-frequency  impedance  is  believed  to  result  from  a  higher  conductivity  path  across  the 
bondline  because  of  inadvertent  spreading  of  the  couplant.  A  similar  situation  affects  the 
bond/epoxy-Al  measurements.  Over  the  course  of  the  program,  greater  consistency  in  applying 
the  couplant  was  achieved  and  improved  reproducibility  was  obtained  so  that  the  latest  data  ex¬ 
hibited  less  scatter. 


Frequency  (Hz) 


Frequency  (Hz) 


Figure  2.  Impedance  spectra  for  several  specimens  prior  to  humidity  exposure.  Left:  Al-Al 
measurements.  Right:  same  sided  B/epoxy-B/epoxy  measurements. 


As  each  set  of  specimens  was  removed  for  mechanical 
testing,  identical  EIS  measurements  were  taken.  In 
addition,  the  final  set  was  being  tested  during  exposure 
based  on  the  schedule:  0,  1.5,  3,  4,  6,  8,  12, 16,  and  20 
weeks.  These  data  provided  a  longitudinal  view  of 
changes  induced  by  moisture.  The  data  were  being 
modeled  using  the  equivalent  circuit  of  Figure  3.  Pre¬ 
vious  experiments  have  shown  that  this  circuit  is  a 
good  model  for  adhesive  bond  data.  The  fit  is  illus¬ 
trated  in  Figure  4.  The  quality  of  the  fit  suggests  that 
this  model  is  appropriate  for  the  patched  substrate  con¬ 
figuration.  In  all  but  a  very  few  anomalous  spectra, 
the  fit  to  the  circuit  was  excellent. 


-aaaH 

R, 


^AA/H 

Rpo 


CPE 


^aaa^ 


R. 


cpe 


Figure  3.  Equivalent  circuit  for  bo¬ 
ron/epoxy  patched  aluminum. 
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Upon  exposure  to  moisture,  the  spectra  changes. 
Generally  the  impedance  decreases  at  both  the 
high  frequency  and  low  frequency  regions,  but  at 
different  rates,  as  illustrated  in  Figure  5.  The  de¬ 
crease  at  high  frequencies  is  relatively  small  and 
is  related  to  the  increase  of  capacitance  due  to 
moisture  absorption  (see  below).  The  decrease  at 
low  frequencies  is  related  to  decreases  in  the  re¬ 
sistive  elements,  notably  Repe,  resulting  from 
moisture  increasing  the  conductivity  of  the  adhe¬ 
sive  and  composite. 


Figure  4.  Example  of  fit  using  the  equiva¬ 
lent  circuit  of  Figure  3.  The  points  are  the 
data;  the  lines  are  the  fit. 

Several  circuit  parameters  show  consistent 
changes  with  exposure  time  to  humidity,  re¬ 
flecting  the  spectral  changes  of  Figure  5.  The 
capacitance  values  are  shown  in  Figure  6  for 
the  three  types  of  measurements  (Al-Al,  patch- 
AL,  and  patch-patch).  Note  that  the  patch-patch 
values  are  higher  than  the  others.  We  tenta¬ 
tively  attribute  this  difference  to  the  use  of  the 
ultrasonic  couplant  that  might  diffuse  along  the 
surface  to  couple  the  two  electrodes.  However, 
it  is  the  change  in  capacitance,  not  the  magnitude. 


Figure  5.  Impedance  spectra  at  different  ex¬ 
posure  times. 

that  is  used  to  determine  the  moisture  content. 


The  increase  of  the  capacitance  can  be  explained  by  the  increase  in  the  dielectric  constant  of  the 
composite/adhesive  system  due  to  the  uptake  of  moisture.  Analytically  for  a  coating  or  adhesive, 
the  capacitance  can  be  expressed  as 


C  =  e^sA  /  d 


Equation  1 


where  so  is  the  permittivity  of  free  space,  e  is  the  dielectric  constant  of  the  coating  or  adhesive,  d 
is  the  thickness  of  the  adhesive,  and  A  is  the  area.  In  the  presence  of  moisture,  this  becomes 

C  =  Equation  2 

where  Mis  the  moisture  concentration,  SAd  is  the  dielectric  constant  of  the  epoxy  adhesive  (3.65), 
Sfv  is  the  dielectric  constant  of  water  (79.5),.  The  significantly  larger  dielectric  constant  of  water 
allows  very  low  concentrations  to  be  readily  detected.  Equation  2  can  be  rewritten  as 


M  =  (C  /  Co  -  lX%  /  ^Ad  - 1)  Equation  3 

or 

M  =  74.8(C  /  Co  - 1)  Equation  4 

where  Co  is  the  initial  capacitance  before  water  e3q)osure. 
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Figure  6.  Left:  Capacitance  as  a  function  of  time  for  Al-Al,  Patch-Al,  and  Patch-Patch  meas¬ 
urements.  Note  the  scale  change  for  the  Patch-Patch  measurements.  Right:  Moisture  concentra¬ 
tions  calculated  from  the  capacitance  values  and  Equation  3. 

The  three  different  measiirements  give  different  moisture  levels  that  likely  reflect  differences  in 
moisture  content  in  different  regions  of  the  bonded  patch.  The  patch-patch  measurements  give 
the  highest  levels  of  moisture  and  saturate  or  level  off  the  earliest.  Since  the  electrodes  for  this 
measurement  are  placed  on  the  surface  of  the  composite  patch,  the  measurements  are  believed  to 
be  probing  the  surface  region  of  the  composite.  The  depth  of  penetration  or  interrogation  is  not 
known.  Because  moisture  is  difiusing  mainly  from  this  surface,  it  is  expected  that  the  moisture 
level  would  be  the  highest  here  and  saturation  would  occur  the  earliest.  The  patch-Al  measure¬ 
ments  interrogate  the  entire  bond  (patch  plus  adhesive).  It  would  be  ejqpected  to  indicate  a  lower 
level  of  moisture  and  to  take  longer  to  reach  saturation.  This  is  what  is  observed.  The  interroga¬ 
tion  volume  for  the  aluminum-aluminum  measurements  is  less  certain  for  our  specimen  configu¬ 
ration.  The  most  likely  interrogation  volume  is  the  adhesive  between  the  two  A1  half-specimens 
that  are  being  patched.  In  this  case,  the  measurement  is  probing  the  adhesive,  which  is  expected 
to  have  the  lowest  moisture  concentration  and  take  the  longest  time  for  saturation.  Again,  this  is 
what  is  observed.  An  alternative  interrogation  volume  would  be  the  entire  patch  system,  if  the 
current  path  went  from  A1  through  the  adhesive  to  the  patch,  along  the  patch,  through  the  adhe¬ 
sive  to  the  second  A1  adherend.  In  this  case,  the  calculated  moisture  level  would  be  e)q>ected  to 
be  very  similar  to  that  of  the  patch-Al  measurements.  The  clear  differences  between  the  two 
measurements  indicate  that  this  scenario  is  not  likely  under  our  measurement  conditions.  Thus 
the  three  different  measurements  suggest  a  moisture  concentration  gradient  exists  across  the 
patch-adhesive  system  and  that  the  sensors  can  qualitatively  detect  that  difference  through  the 
use  of  different  electrode  placement.  Comparisons  of  some  of  the  other  parameters  as  a  function 
of  calculated  moisture  concentration  (see  below)  support  the  moisture  gradient  interpretation. 

The  remaining  factors,  CPE  variables  also  exhibit  clear  trends  with  exposure  time  and  moisture, 
but  do  not  have  analytical  expressions,  such  as  Equations  1  to  4.  These  are  Ulxistrated  in  Figure  7 
and  Figure  8.  Rcpe  dominates  the  resistive  components  of  the  circuit  (Figure  3)  and  shows  a  de¬ 
crease  of  approximately  an  order  of  magnitude  for  the  Al-AI  and  Patch-Patch  measurements. 
This  behavior  is  very  similar  to  those  observed  for  coatings  exposed  to  moisture,  where  resis¬ 
tance  decreases  of  several  orders  of  magnitude  are  often  seen.  This  decrease  in  resistance  is 
caused  by  moisture  penetrating  the  pores  of  the  polymer  and  increasing  ionic  conduction.  Aside 
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Figure  7.  Rcpe  as  a  function  of  exposure  time  (left)  and  moisture  content  (right).  Note  that  the 
Patch-Patch  values  are  associated  with  the  scale  to  the  right. 

from  an  apparently  anomalous  low  initial  value  of  Rcpe  for  the  Patch- A1  measurements  (meas¬ 
urements  on  other  specimens  indicate  that  the  initial  Rcpe  values  for  the  Patch-Al  measurements 
shown  in  Figure  7  are,  indeed,  anomalously  low),  there  appears  to  be  a  continuation  of  the  Rcpe 
relationship  with  moisture  for  both  the  Al-Al  and  Patch-Al  values,  indicating  that  the  adhesive 
properties  are  dominating  this  parameter. 

A  similar  situation  exists  for  CPE  (Figure  8).  There  is  a  steady  decrease  of  a  factor  of  3  with 
time  and  moisture  level.  Again,  when  plotted  versus  moisture,  the  Al-Al  and  Patch-Al  results 
align  except  for  the  anomalous  first  point.  The  CPE  is  nominally  an  interfacial  parameter.  Its 
decrease  may  be  indicating  some  reaction  occurring  at  the  interface  although  the  silanes 
strengthen  and  stabilize  the  interface  so  that  it  is  never  the  limiting  region  of  the  bond.  In  the 
case  of  the  Patch-Patch  measurement,  the  significance  of  the  CPE  parameter  is  less  clear  as  the 
metal-adhesive  interface  is  not  being  interrogated.  For  these  measurements,  it  might  be  associ¬ 
ated  with  the  composite  surface.  The  phase  angle  of  the  CPE  also  shows  a  trend  with  time  and 
moisture.  The  phase  angle  defines  the  natxjre  of  the  CPE.  A  phase  angle  of  1  makes  the  CPE  a 
capacitor;  a  phase  angle  of  0  makes  the  CPE  a  resistor;  and  a  phase  angle  of  05  makes  the  CPE  a 


Figure  8.  CPE  as  a  function  of  exposure  time  (left)  and  moisture  (right).  Note  that  the  Patch- 
Patch  values  are  associated  with  the  scale  to  the  right. 


•  DACCO  SCI,  INC.  •  10260  Old  Columbia  Road,  Columbia,  MD  21046  •  (410)  381-9475  • 

httv:/Apmv.  daccoscL  com 


10 


Moisture 


Figure  9.  CPE  phase  angle,  alpha,  as  a  function  of  exposure  time  (left)  and  moisture  (right). 

Warburg  element.  The  Warburg  case  is  interesting  because  it  indicates  that  diffusion  processes 
govern  interfacial  or  surface  reactions.  The  phase  angle  of  the  Al-Al  and  Patch-Al  measure¬ 
ments  initially  is  close  to  that  of  a  capacitor  and  then  decreases  to  -0.5  with  time  and  moisture. 
Initially  there  is  little  moisture  present  at  the  metal-adhesive  interfece  and  ionic  diffusion  is  not 
the  limiting  fector.  As  moistme  penetrates  to  the  interface,  ionic  diffusion  becomes  important 
and  the  phase  angle  decreases  to  that  of  the  Warburg  element.  In  contrast,  the  phase  angle  of  the 
Patch-Patch  measurement  changes  very  little  (0.72  to  0.78)  with  a  slight  increase  with  time  and 
moisture. 

Relatively  little  difference  is  seen  between  the  EIS  results  for  the  fully  prepared  (silane-treated) 
and  partially  prepared  (no  silane)  specimens  as  shown  in  Figure  10.  Within  the  scatter  of  each 
set  of  data,  there  is  no  significant  distinction  between  the  two  surface  treatments.  The  resistance, 
RcPEi  is  dominated  by  the  adhesive  and  composite  and  is  not  expected  to  be  dependent  on  the 
interface.  Figure  10  suggests  a  correlation  between  Rcpe  and  the  moisture  level  that  holds  for  all 
three  measurements  although  more  measurements  are  needed,  especially  with  low  moisture  con¬ 
tent  for  the  Patch-Patch  and  Patch-Al  measurements  using  the  improved  data  acquisition  proce¬ 
dures  to  verify  a  correlation.  Previous  results  on  metal-metal  bonds  have  suggested  a  similar  re¬ 
lationship. 

The  CPE  parameters  (magnitude  and  phase  angle)  are  nominally  associated  with  the  interface 
and  might  be  expected  to  show  a  difference  between  the  two  treatments  since  mechanical  testing 
(see  below)  shows  that  the  metal-adhesive  interface  of  the  no-silane  treatment  is  a  limiting  factor 
in  bond  performance.  However,  no  significant  difference  in  the  two  CPE  parameters  is  seen  for 
the  two  treatments  (Figure  10).  The  reason  for  the  lack  of  distinction  is  that  no  hydration  or 
other  reactions  are  occurring  at  the  interface  of  either  treatment.  The  interfacial  feilure  observed 
for  the  no-silane  specimens  is  a  result  of  failure  of  physical  bonds  as  the  adhesive  disengages 
fi-om  the  grit  blasted  surfece.  It  is  ejq)ected  that  eventually  hydration  will  occur,  first  for  the  no¬ 
silane  specimens,  and  much  later  for  the  silane-treated  surfaces.  The  longer  time  in  the  Phase  11 
program  and  the  opportunity  to  increase  the  test  conditions,  should  allow  such  interfacial  degra¬ 
dation  to  occur.  Previous  work  indicates  that  Forest  Products  Laboratory  (FPL)-etched  alumi¬ 
num  surfaces  that  are  covered  with  epoxy  and  immersed  in  water  at  the  current  test  temperature 
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Figure  10.  Comparison  of  silane  and  non¬ 
silane  treated  specimens.  Clockwise  from 
above:  Rcpe  for  each  measurement;  CPE  for 
the  Al-Al  and  Patch-AI  measurements;  and 
Phase  Angle  for  the  Al-Al  and  Patch-AI  meas¬ 
urements.  Similar  agreement  between  the  si¬ 
lane  and  non-silane  treatments  for  the  CPE  and 
Phase  Angle  Patch-Patch  measurements  were 
seen,  but  not  shown. 


0.80 


0.75  A  ♦  Al-Al 


B/epoxy-^ 


0.70 


Q.  0.65 


o*  ♦ 

O  ♦ 


Closed  -  Silane 
Open  -  No  Silane 


% 


Patch-AI 


0.60 
0.55  -I 
0.50 

0% 


1% 


2% 

Moisture 


3% 


4% 


(50°C)  begin  to  hydrate  in  approximately  six  months.  Grit  blasted  surfeces  are  expected  to  be 
comparable  in  hydration  resistance  so  that  hydration  should  be  observed  in  the  Phase  II  program. 

Tensile  pull  strengths  were  also  determined  for  these  specimens.  Figure  1 1  shows  that  the  si¬ 
lane-treated  specimens  showed  almost  no  change  upon  exposure.  The  no-silane  specimens 
showed  a  17%  decrease  over  the  same  time.  The  silane  specimens  failed  predominately  at  the 
composite-adhesive  interface  with  some  feilure  cohesive  in  the  adhesive.  There  is  little  change 
in  the  locus  of  feilure  with  time.  As  mentioned  above,  the  no-sikne  specimens  feiled  predomi¬ 
nately  at  the  metal-adhesive  interface  with  some  regions  of  composite-adhesive  interfecial  fail¬ 
ure.  Little  change  in  the  locus  of  failure  was  observed  with  time  or  bond  strength.  No  evidence 
of  hydration  was  seen  on  the  metal  surfece.  Rather  the  mechanism  of  failure  was  likely  the 
breaking  of  physical  bonds  with  the  disengagement  of  the  adhesive  from  the  grit  blasted  surface. 

The  very  small  range  of  pull  strengths  make  correlations  of  EIS  parameters  with  strength  tenta¬ 
tive,  at  best.  Separate  correlations  would  be  expected  for  the  two  different  surfece  treatments 
based  on  the  different  mechanisms  and  loci  of  failure.  Figure  12  gives  exart^les  of  possible  cor¬ 
relations  for  the  two  types  of  specimens.  The  figure  suggests  that  Rcpe  is  very  sensitive  to  bond 
strength  with  the  resistance  falling  by  a  factor  of  ten  with  a  very  small  decrease  of  bond  strength. 
Part  of  the  Phase  11  effort  will  include  verification  of  these  correlations  over  a  wider  range  of  puU 
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strengths.  As  noted  in  the  caption,  the 
initial  values  for  the  no-sUane  treatment 
do  not  fall  on  the  same  line.  The  ex¬ 
planation  is  that  the  dry  and  moist 
specimens  fail  with  different  mecha¬ 
nisms.  Although  both  foil  predomi¬ 
nately  at  the  metal-adhesive  interface, 
the  difference  is  the  presence  or  ab¬ 
sence  of  any  secondary  (e.g.,  van  der 
Waals)  forces  across  the  interface. 
Such  bonds,  albeit  weak,  contribute  to 
the  strength  of  the  dry  specimens  and 
make  disengagement  of  the  adhesive 
harder.  However,  these  bonds  are  very 
readily  disrupted  by  even  small 
amounts  of  moisture  so  that  they  do  not 
contribute  to  the  bond  strength  of  hu¬ 
midity-exposed  specimens. 


Figure  11.  Lap  shear  pull  strengths  as  a  function  of 
exposure  time. 


Figure  12.  Correlation  of  Rcpe  to  bond  strength  for  the  silane-treated  specimens  (left)  and  no¬ 
silane-treated  specimens  (right).  The  no-silane  results  do  not  include  the  dry  values,  which  do 
not  correlate  with  the  measurements  following  humidity  exposure. 

Summary  and  Conclusions 

This  Phase  I  SBIR  program  has  demonstrated  the  feasibility  of  the  EIS  sensor  to  monitor  the 
bondline  of  an  adhesively  bonded  patch  and  track  moisture  ingress.  Specific  findings  include: 

•  The  handheld  sensor  allows  EIS  measurements  of  bondlines. 

•  Equivalent  circuit  modeling  using  the  circuit  of  Figure  3  is  appropriate  for  analysis  of  the 
impedance  spectra. 

•  Several  circuit  parameters  (C,  CPE,  Rcpe)  track  with  moisture. 
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•  The  capacitance  can  be  used  to  calculate  the  amount  of  moisture  present. 

•  Different  sensor  locations  probe  different  bondline  regions. 

•  Relatively  little  dependence  on  surface  preparation  is  seen  to  date.  Interface  is  stable  and 
no  hydration  occurred  under  the  test  conditions  and  duration. 

•  Very  little  change  in  pull  strengths  is  seen  for  standard  treatment;  a  slight  decrease  is  seen 
for  partial  treatment.  Tentative  correlations  between  EIS  parameters  and  bond  strength 
were  reported. 


Commercialization  and  Other  Activities 

An  equipment  manufacturer  is  negotiating  for  an  exclusive  license  to  commercialize  the  EIS  sen¬ 
sor  technology.  The  agreement  is  under  final  review  by  the  licensee.  The  license  would  include 
the  patented  painted,  handheld,  and  tape  sensors.  Potential  applications  include: 

•  Accelerated  testing  of  coatings  in  the  laboratory  with  direct  comparison  to  field  exposure. 

•  Field  monitoring  of  coated  structures 

•  Detection  of  moisture  in  composites 

•  Monitoring  of  adhesively  bonded  structures. 

The  Air  Force  Research  Laboratory  (AFRL)  is  very  interested  in  the  sensor  technology  and  is 
developing  a  small  Phase  III  program  in  which  they  would  prepare  specimens  similar  to  the  ones 
tested  in  Phase  I,  but  with  their  own  surfece  preparations.  We  would  expose  the  specimens  to 
high  humidity  and  temperature,  take  periodic  EIS  measurements,  and  occasionally  return  the 
specimens  to  them  for  mechanical  testing. 

Proposed  Phase  II  Issues  and  Proposed  Activities 

As  discussed  throughout  the  Results  and  Discussion  Section,  there  are  several  issues  and  chal¬ 
lenges  to  be  addressed  in  the  Phase  II  program  before  the  ESI  sensor  becomes  a  reliable  and 
convenient  means  to  monitor  bonded  repair  patches  and  other  adhesively  bonded  structures. 
These  issues  and  challenges  include: 

•  The  stability  of  the  commercial  GBS  interface  requires  long  exposure  for  degradation. 
While  this  is  very  desirable  fi:om  an  aerospace  application  viewpoint,  it  makes  it  impossi¬ 
ble  to  induce  degradation  in  a  short  Phase  I  program.  The  longer  Phase  II  program  will 
help  and  we  plan  to  increase  the  temperature  slightly  to  accelerate  degradation.  We  also 
plan  to  place  a  static  load  on  some  specimens  (while  being  exposed  to  humidity)  to  try  to 
accelerate  degradation. 

•  The  surfece  condition  or  wetness  of  a  specimen  can  affect  the  EIS  measurements.  The 
use  of  the  ultrasonic  couplant  improved  the  signal  to  noise  ratio  and  facilitated  data  ac¬ 
quisition  but  may  have  also  contributed  to  some  of  the  data  scatter.  Reproducibility  im¬ 
proved  over  the  course  of  the  program  and  an  appropriate  data  acquisition  protocol  wUl 
be  developed  in  Phase  11. 
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•  The  data  analysis  requires  a  highly  skilled  expert.  Much  of  the  data  analysis  can  be 
automated  to  allow  a  repair  technician  to  obtain  moisture  levels.  A  data  acquisition  pro¬ 
tocol  will  be  developed. 

•  Separation  of  interface  and  bondline/patch  properties  would  be  desirable.  Placement  of 
electrodes  in  different  locations  (e.g.,  patch-patch,  patch-Al,  Al-Al)  and  circuit  modeling 
should  allow  distinction  of  interfece  and  bondline  properties.  Long  enough  exposure 
times  to  assure  interface  degradation  will  be  needed  to  refine  the  approach  and  verify  this 
distinction. 

•  Input  for  predictive  assessment  is  needed.  Moisture  levels,  together  with  time  and  tem¬ 
perature,  could  be  used  with  an  empirical  database  of  hydration  or  other  degradation  or 
with  an  analytical  model  to  predict  hydration.  A  database  of  degradation  of  the  GBS 
treatment  (bare  and  epoxy-covered)  will  be  developed  similar  to  an  existing  database  for 
FPL  surfeces.  Analytical  expressions  for  CPE  and  Rcpe  would  also  allow  input  to  a  deg¬ 
radation  model  and  would  facilitate  separation  of  interface  and  bondline/patch  properties. 

•  Different  materials  (composites,  adhesives,  substrates,  and  surface  treatments)  react  dif¬ 
ferently  to  the  presence  of  moisture  and  may  have  different  EIS  responses.  Key  materials 
sets  can  be  evaluated.  DynCorp  uses  B/epoxy,  graphite/epoxy,  and  A1  patches.  Each  will 
be  tested.  Some  of  the  composite  patches  will  have  a  glass/epoxy  overlayer  as  is  com¬ 
mon  practice.  Some  specimens  will  be  painted  to  reflect  actual  conditions.  IN  addition, 
AFKL  is  interested  in  fimding  a  small  Phase  III  program  to  look  at  some  of  their  surface 
preparations  involving  sol-gel  technology. 

•  Once  moisture  is  detected,  preventative  actions,  such  as  sealing,  may  be  helpful  in  ex¬ 
tending  a  patch  or  bond  lifetime.  Such  procedures  would  be  expected  to  stop  or  slow  in¬ 
terfacial  degradation.  Prioritization  will  be  needed  to  determine  if  this  task  can  be  in¬ 
cluded  in  Phase  II  or  if  a  separate  Phase  III  is  needed. 

•  Measurements  on  actual  repair  patches  would  be  useful  for  demonstrations.  A  major  ad¬ 
vantage  of  this  approach  is  its  noninvasive  nature.  No  permanent  attachment  of  elec¬ 
trodes  is  needed.  DynCorp  has  an  F-16  section  they  are  using  for  testing.  It  is  expected 
to  be  available  for  evaluation  of  patch  inspection  in  Phase  11.  Additional  measurements 
can  be  made  on  aircraft  being  repaired  by  DynCorp  to  demonstrate  and  refine  the  data 
acquisition  procedure. 
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